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1  .  INTRODUCTION 


This  report  is  a  technical  suiranary  covering  work 
performed  in  the  period  between  50  June  1963  and  30  June  196^ 
on  Contract  Nonr-3835(00)  entitled  Laser  Materials  Research  and 
Development.  During  this  period,  we  have  carried  out  investi¬ 
gations  in  the  following  areas:  (1)  laser  glass  compositions 
which  are  non-soleirizing ,  (2)  the  effect  of  host  glass  composition 
on  fluorescent  lifetime,  (3)  analysis  of  the  fluorescent  decay 
curve  and  (4)  laser  threshold  studies. 

This  research  is  part  of  Project  DEFENDER  under  the 
joint  sponsorship  of  the  Advanced  Research  Projects  Agency,  the 
Office  of  Naval  Research  and  the  Department  of  Defense. 
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2. 


TECHNICAL  DISCUSSION 


2.1  SOLAR IZATION 

A  limited  amount  of  additional  work  has  been  done  on 
the  study  of  solarization  (an  increase  in  the  absorption  of  a 
glass  resulting  from  its  exposure  to  light)  produced  by  xenon 
f lashtubes .  This  is  of  interest  because  of  the  obvious  effect 
of  absorption  in  the  1  micron  region  on  laser  emission  and  because 
absorption  in  the  visible  region  not  only  decreases  the  pumping 
efficiency  but  also  produces  undesired  thermal  gradients  in  the 
laser  rod . 


The  effects  of  Sbj O3 ,  TiOg  and  CeOg  on  solarization, 
singly  and  in  combination,  have  been  investigated.  The  NdgOg  was 
omitted  in  these  glasses  so  that  its  absorption  bands  would  not 
mask  the  effects  resulting  from  solarization.  Figure  1  shows  the 
effect  of  the  addition  of  1  wt  .5^  of  the  above  oxides  to  a  base 
glass  with  the  following  wt.^S  composition:  SiO^  ,  72^^;  NagO,  7  *55^; 
K^O,  11.5^6;  LigO,  1^;  BaO,  55^;  AlgOg,  \ and  ZnO,  1.5^.  The 
presence  of  SbgOa  in  the  glass  prevents  absorption  due  to  solari¬ 
zation  in  the  rod  region  above  500  mu.  but  not  in  the  blue.  There 
are  seme  indications  that  it  may  actually  promote  solarization  in 
the  350  to  400  mU-  region.  The  glass  containing  TiOg  exhibits  a 
gradual  decrease  in  solarization  across  the  whole  visible  region 
in  the  direction  of  increasing  wavelength.  The  degree  of  solari¬ 
zation  varies  inversely  with  the  amount  of  TiOg  present  in  the  glass 
as  shown  in  Fig.  2  in  which  glasses  containing  and  3^  TiOg  are 
compared.  Cerium  oxide,  also  shown  at  concentration,  appears 
to  be  a  more  effective  agent  than  either  SbgOg  or  TiOg  in 
preventing  solarization  when  used  alone. 

The  effect  of  Sbg O3  plus  TiOg  and/or  CeOg  was  investi¬ 
gated  since  SbgO^  (or  Asg O3 )  is  usually  added  to  the  glass  as  a 
"fining”  agent  to  aid  in  the  removal  of  bubbles  from  the  glass 
during  melting.  The  addition  of  1  wt  .5?  SbgOg  to  the  TiOg  glasses 
COTibines  the  good  features  of  each.  The  SbgOg  eliminates  the 
solarization  present  in  the  red  region  of  the  TiOg  glasses  and  the 
two  combine  to  decrease  the  solarization  in  the  blue  region  for  a 
1ft  TiOg  glass  and  eliminate  it  in  the  3^  TiOg  glass  as  shown  in 
Fig.  3. 
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Figure  1.  The  Effect  of  Sb^Og ,  TiOg  and  CeOg  on  the  Solarization 
of  a  Potassium-Barium-Silicate  Glass.  The  Solarized  Curve  is  the 
Lower  One  in  Each  Case . 
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Figure  2.  The  Effect  of  Increasing  TiO^  Concentration  From  1 
to  3^  in  a  Potassium-Barium-Silicate  Glass. 
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Figure  3*  The  Effect  on  Solarization  of  the  Addition  of  Sb^Og 
to  a  Potassiujn-Barium-Silicate  Class  Containing  TiOg  . 
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The  addition  of  Sb^jO^  to  the  1  wt.^f  CeOg  glass  intro¬ 
duces  the  solarization  in  the  blue  region  characteristic  of  the 
SbgOs  glass.  This  is  decreased  but  not  ren\oN  jd  by  increasing  the 
CeO^  content  from  1  wt  to  5  vrt  as  shown  in  Fig .  4 .  The 
addition  of  Sh^O^  to  the  glasses  containing  both  TiOg  and  CeOg 
has  very  little  effect  as  shown  in  Fig.  5» 

It  seems  reasonable  to  expect  that  the  absorption  cutoff 
wavelength  might  have  some  effect  on  the  degree  of  solarization 
(due  to  the  total  amount  of  ultraviolet  radiation  penetrating  the 
glass)  and  on  the  wavelength  at  which  solarization  tal^es  place 
(due  to  the  possible  existence  of  energy  thresholds  in  the 
solarizing  mechanism).  There  are  indications  of  the  former  in 
Fig.  1  where  the  degree  of  solarization  appears  to  decrease  as 
the  cutoff  wavelength  moves  further  toward  the  visible  region. 

This  fails  to  explain  the  situation  completely,  however, 
since  the  glass  containing  I56  SbgO,  and  TiOg  with  a  cutoff 
(505^  transmission)  at  337  n»u.  shows  no  solarization  whereas  the 
one  containing  SbgOg  and  CeOg  with  a  cutoff  at  367  shows 
appreciable  solarization.  would  appear  that  other  conditions 
must  be  taken  into  account  to  fully  explain  this  behavior .  The 
chzmges  introduced  by  the  presence  of  SbgOg  may  possibly  be 
explained  on  the  basis  of  changes  in  the  oxidizing  conditions 
of  the  melt  which  in  turn  effects  the  solarization^ . 


2.2  FLUORESCENT  LIFETIME 

The  fluorescent  lifetime  data  has  been  emalyzed  to 
see  if  any  correlation  exisrs  between  lifetime  and  composition. 
Sixteen  of  the  more  commonly  used  oxides  were  included  in  this 
analysis  which  covered  300  glasses.  The  following  equation 
provided  the  best  agreement  between  calculated  and  experimental 
values  of  lifetime: 


T 


0.461  + 

SIO3  SlOg 


„  A  C 
n  Slpg 


where  t  is  the  lifetime  in  milliseconds,  Cj.^  is  the  concentration 
of  a  given  oxide  (n)  in  weight  percent  and  Aj^  is  the  correlation 
coefficient  which  establishes  the  relationship  between  composition 
and  lifetime.  The  oxides  included  in  the  study,  their  coefficients 
and  standard  deviations,  are  given  in  Table  I.  The  coef¬ 
ficients  for  1^0,  ZrOg  and  ShgOg  have  small  absolute  values  which 
are  less  than  the  standard  deviation  and  therefore  they  were 
considered  to  be  zero  in  this  analysis. 
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Figure  5.  The  Effect  on  Solarization  of  the  Addition  of  Sb, 
to  a  Potassium-Barium-Silicate  Glass  Containing  Both  TiOg  and 
CeQs  . 
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TABLE  I 


Periodic 

Group 

i 

n 

(oxide)  1 

A 

n 

(correlation 

coefficient) 

a 

n 

(standard 

deviation) 

I  A 

LiaO 

-  1.288 

0.291 

NaaO 

-  0.619 

0.074 

1  KaO 

-  0 

I 

I  RbaO 

0.167 

0.036 

CSg  0 

0.138 

0.040 

II  A 

MgO 

-  1.054 

1  0.215 

CaO 

-  1.025 

0.109 

BaO 

;  I 

-  0.259 

[  1 

0.046 

!  II  B  i 

!  i 

ZnO  i 

-  1.555 

0.1 00 

III  A 

i 

Nda  O3 

'  - 1.567 

0.422 

1 

i 

(Nc!a03)= 

-  5.599 

3.94 

i 

i 

i 

(Nda  03)3 

I  27.7 

u 

9.67 

III  B  ! 

B3O3 

-  0.980 

0.308 

Ala  ^3 

1  -  1.223 

0.378 

IV  A 

riOa 

-  0.452 

0.158 

ZrO^ 

1  -  0 

j 

1  IV  B  i 

SiOa 

i  0.592 

1  0.136 

!  1 

1 

PbO 

-  0.115 

I  0.032 

4 

:  V  B  i 

Sba  O3 

~  0 

i 

The  standard  (r.m.s.)  deviation  betveen  experimental 
and  calculated  values  of  t  is  ±  0.08  ms.  A  small  amount  of  this 
error  may  be  attributed  to  the  experimental  data  itself  which  is 
reproducible  to  about  ±  O.Ol  ms.  The  main  cause  of  this  deviation 
however,  is  due  to  the  limited  accuracy  of  the  correlation  coef¬ 
ficients.  The  standard  deviations  of  these  coefficients  have 
values  that  are  lO  to  30^8  of  the  value  of  the  coefficients 
themselves .  Assuming  a  Gaussian  distribution  where  68^  of  the 
values  fall  within  the  limits  of  the  standard  deviation  this  means 
that  in  the  case  of  silica  for  example  where  A^^  =  0.592  ±  0.136, 
68^  of  the  glasses  predict  a  coefficient  between  .456  and  .728 
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and  the  remaining  '^2i  of  the  glasses  predict  coefficients  which 
exceed  these  limits.  Despite  the  fact  that  these  coefficients 
leave  some^-hing  to  be  desired  in  the  way  of  accuracy,  the  data 
in  Table  I  is  significant  in  that  a  definite  correlation  betv/een 
composition  and  lifetime  may  be  observ  d  here;  namely,  the 
correlation  coefficient  becotaes  more  positive  (lifetime  increases) 
as  the  atomic  number  increases  in  any  given  periodic  group,  i .e . 

Li  to  Cs .  The  notable  exceptions  are  BgOg  in  group  III  B  and 
SiOg  in  IV  B.  These  two  oxides  differ  from  the  other  oxides  in 
the  Table  in  that  they  are  both  strong  glass  "network  formers" 
whereas  the  other  oxides  tend  to  be  "network  modifiers". 

One  of  the  factors  affecting  the  accuracy  of  the 
correlation  coefficients  and  thus  the  agreement  bet^^een  experi¬ 
mental  and  calculatio**  values  of  t  is  the  assumption  in  the  above 
analysis  that  the  relationship  between  the  concentration  of  a 
given  oxide  and  lifetime  is  a  linear  one,  with  the  exception  of 
NdgOg  which  was  known  to  be  nonlinear  from  previous  experience. 
This  assumption  is  not  always  valid,  particularly  at  high 
concentrations  of  the  group  I  A  oxides  as  shown  in  Fig.  6. 

Curves  of  lifetime  vs.  concentration  such  as  those  plotted  here 
are  necessary  when  more  detailed  information  about  this  relation¬ 
ship  is  required.  Each  curve  represents  a  series  of  glasses  in 
which  the  oxide  being  studied  is  substituted  for  silica  only  and 
the  concentrations  of  the  other  ingredients  are  kept  constant. 

The  lifetime  scale  is  shown  here  in  arbitrary  units  since  the  base 
glass,  although  fixed  for  a  given  series,  cannot  be  the  same  for 
each  series.  It  is  for  this  same  reason  of  changing  base  glass 
that  this  detailed  information  on  lifetime  vs.  the  concentration 
of  a  specific  cxide  it  is  not  sufficient  by  itself  to  provide 
correlation  coefficients  such  as  those  above. 

Tne  curves  for  the  group  I  A  oxides,  which  are  of  most 
interest  because  they  do  have  sc»ne  areas  with  a  positive  slope, 
are  unfortunately  the  least  linear.  At  the  higher  concentrations 
they  level  off  or  go  through  a  maximum.  The  group  II  A  oxide 
curves  appear  to  be  quite  linear  tailing  off  slightly  at  high 
concentrations.  The  other  curves  are  also  linear  but  the  range 
of  concentration  is  not  very  large . 


2.5  FLUORESCENT  DECAY  CURVE  ANALYSTS 

The  shape  of  the  fluorescent  decay  curve  has  been  studied 
to  gain  sone  insight  regarding  the  nature  of  the  neodymium  ion  sites. 
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Lifetime  vs.  Concentration  Curves  for  Seve-^al  Oxides.  All  Substitutions  are 


The  curve  of  fluorescent  light  intensity  vs.  time  is  not  a  pure 
exponential  curve  as  would  be  expected  in  a  simple  decay  process . 
The  approach  being  taken  is  to  resolve  the  observed  decay  curve 
into  two  or  more  pure  exponential  curves  representing  the 
fluorescent  emission  from  neodymium  ions  having  two  or  more 
different  environments.  This  type  of  analysis  can  be  performed 
only  when  the  individual  decay  processes  making  up  the  composite 
curve  are  independent  of  each  other,  i.e.  that  there  is  no 
interaction  between  neodymium  sites.  Since  one  of  the  proposed 
mechanisms  for  concentration  quenching  is  the  transfer  of  an 
excited  state  from  one  neodymium  ion  to  a  neighboring  neodymium 
ion, the  above  type  of  analysis  predicts  that  individual  expo¬ 
nential  components  of  the  observed  curve  will  lose  their 
identity  as  the  NdgOg  concentration  is  increased  to  the  point 
Where  concentration  quenching  takes  place  . 

The  apparatus  used  in  these  measurements  is  a  slightly 
modified  version  of  the  standard  fluorescent  lifetime  measuring 
equipment  which  consists  of  a  short  pulse  xenon  source  and  a 
photomultiplier  detector  plus  suitaQsle  filters  to  insure  that 
only  fluorescent  light  enters  the  detector,  A  chopper  has  been 
added  as  shown  in  Fig.  7  which  permits  the  examination  of  the 
very  low  light  intensity  portions  of  the  tail  of  the  fluorescence 
curve,  where  high  gain  is  required,  without  saturating  the 
detector  with  light  from  the  initial,  high  intensity  portion  of 
the  curve  where  the  intensities  may  be  100  to  lOOO  times  greater. 

The  results  indicate  that  there  is  little  or  no  associ¬ 
ation  between  neodymium  sites  and  specific  ingredients  in  the 
glass;  e.g.  one  value  of  decay  lifetime  is  not  associated  with  a 
potassium-influenced  site  and  another  lifetime  associated  with  a 
barium-influenced  site  such  that  the  composite  curve  becomes  a 
function  of  composition.  This  is  illustrated  in  Table  II  which 
gives  the  lifetimes  of  the  two  individual  decay  processes  which 
make  up  the  observed  decay  curves  for  three  barium  crown  glasses 
in  two  of  which  cesium  and  rubidium  have  been  substituted  for 
potassium  in  part. 


TABLE  II 


Composition  in  mole  ^ 

i  “Ti 

—  ■  - — ; 

'^3 

SiOa 

K3O  RbgO 

CSgO 

BaO  Sbg  O3 

NdgOa 

65.7 

21.8  i  - 

1 

10.9  .5 

1  .57 

.20  1 

75.5 

19.8  5.5 

2.0  .4 

• 

»-* 

bo 

.57  , 

77.9 

15.9 

4 .6 

i-k  .  -  —  . » t 

2.1  .4 

1  .97 

.42 
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Figure  J.  Schematic  Diagram  of  the  Apparatus  Used  to  Study  the 
Shape  of  the  Fluorescent  Decay  Curve  . 
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If  the  above  association  between  lifetime  and  composition 
existed  one  might  expect  a  slight  shift  in  one  of  the  lifetimes  due 
to  the  partial  replacement  of  KgO  by  RbgO  or  CsgO  but  not  a  change 
in  both  lifetimes  of  the  magnitude  observed.  These  results  are 
best  explained  by  assuming  all  sites  in  a  given  base  glass  to  be 
essentially  the  same  but  due  to  statistical  chance  or  crystal 
hcibit  of  the  neodymium  oxide  some  sites  are  doubly  occupied  or 
are  closely  enough  coupled  to  introduce  a  second  lifetime.  There 
are  additional  pieces  of  data  which  indicate  that  the  values  of  Ti 
and  Tg  and  the  relative  number  sites  vs.  Tg  sites  vary  with 
composition  of  the  base  glass  due  to  its  effect  upon  the  crystal 
field  within  the  glass,  i.e.  due  to  the  "tightness”  of  the  host 
lattice  as  a  whole,  but  not  through  association  with  specific 
ingredients  in  the  glass. 

Lifetime  properties  are  obtained  from  curves  such  as 
those  shown  in  Fig.  8.  The  intensity  of  fluorescent  light  is 
plotted  on  the  log  axis  in  arbitrary  units  and  time  along  the 
linear  axis  so  that  true  exponentials  can  be  represented  as 
straight  lines. 

The  curves  on  the  left  are  plots  of  the  experimental 
data.  The  straight  tail  of  the  curve  is  assumed  to  be  due  to  the 
long  lifetime  component  only,  the  short  lifetime  sites  being 
emptied  by  this  time .  The  slope  of  this  straight  portion  provides 
a  value  Ti  for  the  long  lifetime  sites.  Extrapolating  this  portion 
back  to  t  ■  0  (as  shown  by  the  dotted  line  in  Fig.  8)  yields  a 
value  of  Iio>  the  initial  light  intensity  due  to  long  lifetime 
sites..  The  intensity  difference  between  the  experimental  curve 
and  the  line  represents  the  light  intensity  due  to  the  short 
lifetime  sites  which  is  replotted  on  the  right  hand  side  of 
Fig.  8.  The  lifetime  value,  Xg ,  and  the  initial  light  intensity, 

Ig 0 ,  of  the  short  lifetimt  ^tes  are  obtained  from  the  slope  and 
intercept  of  the  ordinate  axis,  respectively,  of  these  generated 
curves . 


The  curves  in  Fig.  8  were  obtained  at  77° K  for  a 
potassium-barium-silicate  base  glass  containing  0.5#  2.5,  5  and 
7.5  wt.5^  NdgOg  .  Previous  data  indicates  that  glasses  with  the 
saune  base  containing  NdgOg  or  less  produce  the  same  results 
as  the  0.5^  Nd^Og  glass.  Data  obtained  from  the  above  curves 
are  listed  in  Table  III. 
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TABLE  III 


Cl  ve 

Ndg  O3 

(wt.^J ) 

(long  lifetime) 

(short  lifelimo) 

TxAa 

^io/lao 

-  — j 

i 

.48 

2.85 

.293 

B 

2 

1 .09 

.‘tS 

2.27 

.325 

C 

4 

.83 

.43 

1.93 

.329 

D 

6 

.57 

•1  j 

1.73 

.43 

If  we  assiame  that  at  low  Ndy  O3  concentrations  there  are 
more  singly  occupied  (or  uncoupled)  sites  than  there  are  doubly 
occupied  (or  coupled)  sites  this  leads  to  the  following  c;onclusions . 

(1)  Singly  occupied  sites  have  shorter  lifetimes 
than  doubly  occupied  sites  since  Igo^Iio 

Ti  >T2  . 

(2)  As  the  NdgOa  concentration  increases  Iio/leo 
increase,  i.e.  there  are  proportionally  more  doubly 
occupied  than  singly  occupied  sites  in  the  glass. 

This  effect  was  not  as  large  as  one  might  expect 
intuitively,  in  fact  the  spread  in  values  could 
possibly  be  explained  away  as  the  experimental 
error  evolved  in  choosing  the  best  straight  line 

to  fit  the  data  points  in  the  tail  of  the  curve  . 

(3)  Both  Ti  and  decrease  as  Nd^ O3  concentration 

increases  but  the  singly  occupied  sites  appear  to 
be  much  less  effected  initially.  The  accuracy  of 
these  values,  which  is  less  sensitive  to  curve 
fitting  than  the  ratio  is  about  ±  . 

(4)  As  the  NdgO,  concentration  increases  and 
concentration  quenching  becomes  more  evident  the 
ratio  of  T1/T3  approaches  unity.  This  is  as 
predicted  since  the  individual  neodymium  sites 
are  no  longer  completely  independent  and  spatial 
transfer  of  excited  electrons  takes  place  between 
neighboring  neodymium  ions.  Since  both  and  jg 
decrease,  an  increase  in  the  transition  probability 
to  non-radiative  sites  must  be  taking  place  which 
also  contributes  to  the  concentration  quenching 
mechanisms . 
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Some  of  the  above  conclusions  should  be  considered  tentative  due 
to  the  limited  amounts  of  data  involved.  Further  work  would  be 
required  to  undei ^tand  the  situation  more  fully. 

2.4  Ii\SER  THRESHOLD 

Evaluation  has  been  completed  on  the  new  laser  cavity 
designed  to  produce  reliable  laser  threshold  data  for  small 
experimental  melts  of  glass  containing  varying  degrees  of  stria. 
The  only  change  made  in  the  system  previotasly  described^  is  that 
the  reflector  on  the  transmitting  end  of  the  rod  now  consists  of 
a  gold  foil  cap  with  an  0.011**  diameter  pinhole  in  it,  as  shown 
in  Fig.  9,  rather  than  the  Fresnel  reflectance  of  the  glass-to-air 
interface . 


To  check  the  effect  of  stria  on  this  system  a  group  of 
1/2**  diameter  rods  were  cut  from  selected  areas  of  a  block  of  laser 
glass  so  that  they  contained  varying  degrees  of  stria.  Shadow- 
grr.phs  of  these  rods  taken  in  both  directions  are  shown  in  Fig.  10. 
Threshold  measurements  made  on  0.080**  x  5-5/4**  laser  rods  drawn 
from  these  1/2*'  rods  are  tabulated  in  Table  IV. 


TABLE  IV 


Section  A 

Section  B 

Section  C 

j 

Section  D 

45  watt-sec 

49  watt-sec 

45  watt-sec 

49  watt-sec  1 

45 

45 

42 

45  1 

CO 

42 

49 

49  ‘ 

45 

42 

45 

49 

42 

52 

52 

52 

42 

45 

52 

Mean  value  ‘‘4.5 

46 

46.5 

49. 7  ^ 

R  .M  .S  . 

Deviation  2.10 

5.96 

5.24 

2.55  ! 

The  root-mean-square  deviation  from  the  mean  value  for  each  group 
of  laser  rods  is  listed.  The  average  value  of  the  r.m.s.  deviations 
of  the  four  groups  is  2.9  watt-sec.  This  is  a  measure  of  the 
reproducibility  within  a  group  of  essentially  identical  laser  rods. 
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Figure  9-  Sketch  of  Laser  Head  for  Threshold  Determinations 
of  Experimental  Glasses. 
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of  primary  interest  is  the  r.m.s.  deviation  of  all  the  threshold 
values  from  the  mean  value  of  all  25  reds  which  is  5-^  watt-sec. 
This  value  when  compared  with  the  above  value  of  2.9  watt-sec 
indicates  that  the  varying  degrees  of  stria  present  in  these 
rods  have  very  little  effect  on  the  threshold  values  measured 
with  this  laser  system. 

A  series  of  about  fifty  laser  glasses  selected  to  provide 
varying  compositions  have  had  laser  threshold  measured  with  this 
system.  Preliminary  examination  of  this  data  which  was  normalized 
to  take  into  account  the  effects  of  lifetime,  neodymium  concen¬ 
tration  and  refraction  index  on  population  inversion,  indicate 
that  there  may  also  be  a  correlation  between  threshold  and 
composition.  This  data  is  now  being  analyzed  more  thoroughly. 

No  further  contract  effort  will  be  spent  in  this  area 
after  this  analysis  has  been  completed  . 
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